Abstract. Diets rich in cholesterol and/or saturated fats have been shown to be detrimental to cognitive performance. Therefore, we fed a cholesterol (2%) and saturated fat (hydrogenated coconut oil, Sat Fat 10%) diet to 16-month old rats for 8 weeks to explore the effects on the working memory performance of middle-aged rats. Lipid profiles revealed elevated plasma triglycerides, total cholesterol, HDL, and LDL for the Sat-Fat group as compared to an iso-caloric control diet (12% soybean oil). Weight gain and food consumption were similar in both groups. Sat-Fat treated rats committed more working memory errors in the water radial arm maze, especially at higher memory loads. Cholesterol, amyloid-β peptide of 40 (Aβ40) or 42 (Aβ42) residues, and nerve growth factor in cortical regions was unaffected, but hippocampal Map-2 staining was reduced in rats fed a Sat-Fat diet, indicating a loss of dendritic integrity. Map-2 reduction correlated with memory errors. Microglial activation, indicating inflammation and/or gliosis, was also observed in the hippocampus of Sat-Fat fed rats. These data suggest that saturated fat, hydrogenated fat and cholesterol can profoundly impair memory and hippocampal morphology.
INTRODUCTION
In Western Society, diets have gradually changed since World War II, with an increase in total caloric intake, saturated fat, and hydrogenated fat, leading to a decrease in the healthier, unsaturated fats. As a result, obesity and obesity-related diseases have increased exponentially, especially in the United States [37, 50] . Although there is a significant genetic component to obesity, data suggest that the epidemic is primarily caused by an increase in dietary fat, caloric input, and a decrease in physical activity. The obesity epidemic is second only to tobacco use for the number of health care dollars spent and as a cause of premature mortality, highlighting the importance of this issue. During the last few years, there has been an increase in awareness among scientists and it is now recognized that this lifestyle can be severely detrimental, in particular to cardiovascular function, cancer rates, and cognitive function. As an example, Zhang and collaborators [66] found that high cholesterol intake is strongly correlated with poor performance in cognitive tests on school children (6-16 years of age). Other studies demonstrated that greater intake of cholesterol and saturated fat increased the risk for impaired cognitive function in middle-aged or aged populations [18, 33, 42, 58] . Although we are aware of the relative risks of high cholesterol intake, we still do not know the biological mechanisms behind its actions in the central nervous system (CNS).
The CNS accounts for only 2% of body mass, but contains almost a quarter of the unesterified cholesterol in the body [16] . Moreover, the input of cholesterol into the CNS comes almost entirely from in situ synthesis, and there is currently little evidence for the net transfer of sterol from plasma into the adult brain. However, changes in cholesterol balance may cause alterations in sterol recycling and expression of apolipoprotein E (ApoE) in the brain, leading to detrimental effects on neurons and glial cells [16] . For example, it is well known that the sterol flux across the CNS is elevated in patients with Alzheimer's disease (AD), and correlates with degree of dementia [38] . However, the biological mechanisms for the consequences of a diet rich in cholesterol and saturated fatty acids upon brain markers are not well known. Even correlations of the high-fat diet with brain markers are not yet well described. Although transgenic mouse models (using the Tg2576 mouse model for AD) have shown that a high cholesterol diet gives rise to increased levels of brain cholesterol and amyloid plaque load (e.g., [51] ), these mouse studies have not included a methodical examination of the consequence of this pathological change on learning and memory. However, other studies do suggest that a high fat diet in transgenic mice gives rise to decreased spatial memory function, although the mechanism for these alterations is unknown [36] . Furthermore, studies in transgenic mice that were fed a high-fat diet demonstrate that the mice were prone to atherosclerosis, which may provide one potential biological mechanism for cholesterol-induced cognitive impairment [36] .
Cognitive studies have been performed on rats for a number of years in terms of the influence of specific diets on different aspects of memory (e.g., [5] ). It has further been documented that malnutrition or altered lipid composition gives rise to enduring cognitive impairment when given during development [56] . In a series of elegant studies [26, 27, [59] [60] [61] [62] , it has been demonstrated that young mature rats, fed nutritionally adequate diets but with high levels of fat, were impaired on the radial arm maze, the Hebb-Williams complex maze series, and a variable-interval delayed alternation task. The diet in these studies contained different compositions of saturated or poly-unsaturated fats, but did not contain pure cholesterol, as utilized in our experiments here. Further, since those studies were performed in young adult rats, the consequence of this type of diet in older animals is as yet unknown. Based on these earlier findings, we have chosen to explore the effects of a high cholesterol/high saturated fatty acid diet ("Sat-Fat") upon working and reference memory, as well as brain biochemistry and morphology in middleaged male rats. The purpose for studying the effects of these diets on middle-aged instead of young rats was to explore whether the rate of age-related decline in memory function might be exacerbated by a diet rich in cholesterol and saturated fatty acids, since the decline in memory function is known to commence between 16 and18 months of age in male rats. The aims of this study were to 1) explore if the Sat-fat diet is detrimental to memory functions compared to a diet consisting of the same amount (12%) of soybean oil (unsaturated fatty acids), and 2) to determine if the Sat-Fat diet alters hippocampal morphology.
MATERIALS AND METHODS

Dietary composition
The control diet contained 12% soybean oil (unsaturated fatty acids), and in exchange for the soybean oil, the experimental diet contained 2% cholesterol and 10% hydrogenated coconut oil, as used in previous studies (Table 1 [20, 52] ).
Animals
Male Fischer 344 rats were used (Harlan Laboratories, Illinois). They were 16 months at the beginning of the experiment, and 18 months at the end of the experiment. The animals were given one week to acclimate to the vivarium, after which they were weight-matched and randomly divided into two groups, receiving control or experimental diet. Ten animals were included in each of the different diet groups, of which 7 in each group were randomly selected for testing in the radial arm maze (see below), to ensure that testing itself did not interfere with potential diet effects on brain parameters. Weight and food intake was tested weekly throughout the experiment. All studies using experimental animals were carried out according to the regulations of the Office of Laboratory Animal Welfare (OLAW) and approved by the Medical University of South Carolina Institutional Care & Use Committee.
Behavioral testing
Working and reference memory were assessed simultaneously using the 8-arm water radial maze (RAM), which has been used routinely in our laboratory and other laboratories (see [6] [7] [8] [9] [10] 30] ). The animals were tested on week 7 and 8 after initiation of the high fat diet. The maze was constructed of galvanized steel, painted black, placed in a room with salient extra-maze cues, and filled with room temperature water. Escape platforms were hidden 1 cm below the water level in the ends of 4 of the 8 arms. The testing procedure has been described in detail previously [7, 8] . Briefly, each subject had platform locations that remained fixed throughout the experiment. For each trial a subject was released from the start arm and had 3 min to locate a platform. If the subject had not located the platform in 3 min, the experimenter guided it to the closest platform. Once a platform was found, the trial was over, the subject remained on the platform for 15 s, and then was returned to its heated cage for a 30 s inter-trial interval (ITI). During the ITI, the just-chosen platform was removed from the maze. A daily session consisted of this sequence of events repeated until all 4 platforms were located, resulting in 4 trials per session. Each subject received 1 session per day for 12 consecutive days. An arm entry was counted when a subject's snout reached a mark delineated on the outside of the maze (11 cm into the arm).
Error quantification
As done previously with the water RAM, Working Memory Correct (WMC), Reference Memory (RM), and Working Memory Incorrect (WMI) errors were quantified using Jarrard's definitions of orthogonal working and reference memory errors [31] . WMC errors were first and repeat entries into an arm from which a platform had been removed during that session. RM errors were first entries into an arm that never contained a platform (i.e., a reference memory arm). WMI errors were repeat entries into an arm that never contained a platform (i.e., repeat entries into a reference memory arm). To determine when errors were made, the number of WMC or WMI errors committed during each trial within each session was determined. This allowed evaluation of differences in performance of the treatment groups as trials progressed and working memory load increased.
The data were blocked into initial (days 2-6) and latter (days 7-15) phases. The first day of testing was considered a training day and was not included in analyses. Each type of error (WMC, WMI, or RM) was analyzed separately. For WMC and WMI measures, the data for each phase were analyzed with a 1-Between (treatment) x 2-Within (days and trials) repeated measures ANOVA to evaluate two-group comparisons of interest. In the case of WMC, trial 1 was not included in the analysis, because it is not possible to make a WMC error on the first trial. For RM, each phase was analyzed with a 1-Between (treatment) x 1-Within (days) repeated measures ANOVA to evaluate two-group comparisons of interest. Two-tailed tests were used for all analyses. Pearson r correlation analyses were performed to determine if there were relationships between hippocampal staining density and memory errors.
Immunohistochemistry
The spatial memory tests utilized in the experiments herein are known to be hippocampal dependent in rat; therefore, the morphological studies were focused on this brain region. The right hemisphere was sectioned on a freezing microtome (Microm HM400) at 40 microns throughout the hippocampus and collected for immunohistochemistry in Tris-buffered saline (TBS) according to our previous protocols [2] . The other hemisphere was analyzed using ELISAs and Western blots (see below). Every 12th section through the hippocampus was selected for immunohistochemistry for each stain and incubated in sodium metaperiodate [2.139 g/100 ml Tris-buffered saline (TBS)] for 20 min to block endogenous peroxidase, washed in TBS 3 × 10 min, then placed in a blocking solution of 0.4% Triton X-100 (TX-100) and 10% normal goat serum (NGS) in TBS for one hr. Sections were then placed in the primary antibody solution: 0.4% TX-100, 3% NGS, and Map 2 (1:1000, Sigma), laminin (1:1000, Stratagene) or Iba1 (1:1000, Wako Pure Chemical Industries Ltd., Osaka, Japan) in TBS. Sections were incubated overnight at room temperature in this solution. Thereafter, sections were washed in TBS 3 × 10 min and then placed in the secondary antibody solution: biotinylated goat anti-rabbit IgG (Vector) and 3% NGS in TBS for one hr. Sections were washed 3 × 10 min in TBS, and then placed into the Elite ABC reagent (Vector) for one hr. Sections were washed 3 × 10 min in imidazoleacetate buffer, pH 7.4 (0.68 g imidazole/6.8 g sodium acetate trihydrate/1 l dH 2 O) and were thereafter incubated with 3,3'-diaminobenzidine (DAB) and nickel ammonium sulfate (NAS) (Fisher; 0.2 g/10 ml buffer). Brain sections were washed with the imidazole-acetate buffer (pH 7.4) for 3 × 10 min and mounted on subbed slides, air dried overnight, dehydrated, coverslipped with Permount, and examined with a light microscope (Nikon Optiphot). Staining controls consisted of omission of the primary antibody. When the words "immunoreactive" or "-positive" are used in the text, this always refers to "-like immunoreactivity", since no direct evidence for location of molecules can be obtained with indirect immunohistochemical techniques. Sections from all groups were incubated in the same bath to avoid group inter-variability in staining.
Image analysis
A quantitative analysis of immunohistochemical optical density (OD) with the Map 2 antibody was achieved with the NIH Image software package, a Scion Frame Grabber card, and a Macintosh Quadra 840 AV computer. Every 12th section was examined for Map 2 immunohistochemistry throughout the longitudinal axis of the hippocampus. This system determines the integrated optical density of an image, with 0 representing a white image and 256 representing a black image. Images were acquired with a Cohu videocamera (4990 series) coupled to a Nikon Optiphot microscope. A 10X objective was used for the images presented in the figures, except when noted otherwise. The images were captured at the same illumination intensity, and were digitized as unaltered images by the computer. The background was measured in three places where no staining was present, and the average of these measurements was subtracted from each image. This image analysis system is used extensively in our laboratory [2, 29] . Image analysis data were analyzed using ANOVA with Fisher's LSD a posteriori. The threshold for statistical significance was set at p < 0.05.
Serum cholesterol, LDL, HDL, and triglycerides
Cholesterol (CHOL), triglycerides, and HDL levels in serum from both groups were examined using the SYNCHRON Systems kits [53] . CHOL reagent was used to measure cholesterol concentration by a timed-endpoint method. In the reaction, cholesterol esterase (CE) hydrolyzes cholesterol esters to free cholesterol and fatty acids. Free cholesterol was oxidized to cholestene-3-one and hydrogen peroxide by cholesterol oxidase (CO). Peroxidase catalyzed the reaction of hydrogen peroxide with 4-aminoantipyrine (4-AAP) and phenol to produce a colored quinoneimine product. The SYNCHRON System(s) automatically proportioned the appropriate sample and reagent volumes into the cuvette. The ratio used was one part sample to 100 parts reagent. The system monitors the change in absorbance at 520 nanometers. This change in absorbance is directly proportional to the concentration of CHOL in the sample and is used by the System to calculate and express CHOL concentration.
Triglycerides GPO reagent (SYNCHRON) was used to measure the triglyceride serum concentration by a timed endpoint method [12] . Triglycerides in the sample were hydrolyzed to glycerol and free fatty acids by the action of lipase. A sequence of three coupled enzymatic steps using glycerol kinase (GK), glycerophosphate oxidase (GPO), and horseradish peroxidase (HPO) causes the oxidative coupling of 3,5-dichloro-2-hydroxybenzenesulfonic acid (DHBS) with 4-aminoantipyrine to form a red quinoneimine dye.
The SYNCHRON System(s) automatically proportions the appropriate sample and reagent volumes into the cuvette. The ratio used is one part sample to 100 parts reagent. The system monitors the change in absorbance at 520 nanometers. This change in absorbance is directly proportional to the concentration of triglycerides in the sample and is used by the System to calculate and express the concentration of triglycerides. The lipid concentration is expressed as mg/dl calculated from the standard curve.
Amyloid peptide and nerve growth factor analysis
Upon sacrifice, the brain was divided into left hemisphere for biochemical measurements and right hemisphere for morphology. Brain regions were extracted using the alkaline extraction method for amyloid-β (Aβ) measurements using minor modifications of previous reports [47, 49] . Briefly, cortex samples were dissected and collected without contamination from the striatum, weighed and homogenized in 10 volumes of phosphate-buffered saline (PBS: Invitrogen; Carlsbad, CA) and centrifuged at 100,000 xg/1h to collect membranes. The membrane pellets were then extracted in 10 volumes of an alkaline solution containing 0.2% diethylamine (DEA; Sigma-Aldrich, St Louis, MO), 50 mM NaCl, protease inhibitor cocktail (Roche, IN) and 5 mM [O-phenanthroline (Sigma-Aldrich, MO)]. The DEA extract (100 µl) was neutralized in 50 mM Tris-HCl, pH 6.8, centrifuged at 100,000 xg/1h and the supernatant was diluted in the ELISA buffer (EIA) for further analysis. The levels of Aβ40 and 42 were measured using a Sandwich ELISA using kits obtained from IBL-America (Minneapolis, MN). This Sandwich ELISA uses antibodies specific for the Aβ40 (1A10) and Aβ42 (affinity purified polyclonal) ends for capture and a monoclonal antibody (12B2) against Aβ residues 11-28 coupled to horseradish peroxidase for detection. The target sequence is conserved in rodents (except residue 13) and the antibody detects rodent Aβ peptide as efficiently as human Aβ as reported by the manufacturer. Student's t-test determined the statistical significance of changes in Aβ measurements per unit of brain.
Hippocampal tissue was also analyzed for nerve growth factor (NGF) levels using an ELISA, as described previously in our laboratory [1] . Hippocampal tissue pieces contained all layers of the CA1/CA2 excluding the alveus and the dentate gyrus. All tissue pieces were placed in pre-weighed Eppendorf tubes, weighed, and kept in −70
• C until assayed. The tissue was analyzed for NGF levels using an ELISA kit (Promega, Madison, WI). The NGF ELISA kit has been tested for specificity [1] and has less than 3% crossreactivity with other neurotrophins. Briefly, 96-well flat-bottom NUNC-Immuno maxisorp plates were incubated with carbonate-coating buffer containing polyclonal anti-NGF antibody (Promega) overnight at 4
• C. Non-specific binding was blocked by incubating the plate with 1 X "block and sample" buffer for 1 hr at room temperature. A standard curve was generated from serial dilutions of known concentrations of NGF ranging from 0 to 500 pg/ml. Dissected brain tissue was homogenized in lysis buffer supplemented with protease inhibitors according to manufacturer's recommendations. Samples were placed in coated wells and the plate was incubated for 6 h at room temperature. A secondary anti-NGF antibody raised in rat was incubated overnight at 4
• C, followed by an anti-rat IgG antibody conjugated to horseradish peroxidase for 2.5 hours at room temperature. A TMB/peroxidase so- No difference between the two groups was found for dL food consumption. C) Serum triglycerides (mg/dL) were significantly elevated in the Sat-Fat compared to the control group. D) HDL, LDL, and total cholesterol levels (mg/dL) were also significantly elevated in the Sat-Fat group (n = 10; *** = p < 0.0001).
lution was used as the chromogen to visualize the reaction product in the plate wells. The reaction was terminated with 1N HCl. Optical density was measured at 450 nm in an ELISA plate reader (Molecular Devices SpectraMax 340 PC) (Softmax Pro version 3.1.2).
Membrane cholesterol measurements
Since brain is rich in myelin, which contains high levels of cholesterol, we measured cholesterol (Free) and its ester (Total) in the hippocampus using the Amplex red kit (Invitrogen, Carlbad, CA) as described by the manufacturer.
RESULTS
Weight and food consumption
The animals were kept on the Sat-Fat or Control diets for 8 weeks. During the 8 weeks of treatment, there were no significant differences in weight between the Fig. 2. A and B) Working Memory Correct errors (repeat entry into an arm that previously had a platform) were higher in animals given the Sat-Fat diet on days 7-12, when all trials were collapsed (A; * = p < 0.05) and especially on trial 4, across days 7-12 (B; ** = p < 0.005). B depicts mean errors analyzed by trial for day 7-12, demonstrating that animals with a Sat-Fat diet made disproportionately more errors as memory load increased. C and D) Working Memory Incorrect errors were also significantly elevated on days 7-12 in the Sat-Fat compared to the control group (* = p <0.03) and when errors were analyzed by trials, Days 7-12 (T4 = * = p <0.05, D). Thus, middle-aged control rats were better able to handle increasing memory load than Sat-Fat rats.
two groups at any time point (Fig. 1A) . A summary of the diet composition is shown in Table 1 . The mean increase in weight from week 1 to week 7 was 22 ± 6 grams (S.E.M.; n = 10) in the control group, and 29 ± 5 grams in the Sat-Fat diet group (n = 10). This mean weight increase was not statistically different between the two groups. The food intake was also similar between the two groups (Fig. 1B, p > 0.1 ). The control group had a mean food intake of 220 ± 12 grams per day (calculated by cage with 2 rats/cage) and the SatFat diet group had a weekly intake of 243 ± 3 grams per cage (n = 5 per group). Thus, the Sat-Fat diet does not appear to significantly alter eating patterns or increase weight after 8 weeks of treatment.
Cholesterol, LDL, and HDL levels
Free (FC) and total cholesterol (TC) measured in hippocampal membranes did not change significantly in the Sat-Fat diet (p = 0.89 and 0.45, respectively; Fig. 3 . Brain Cholesterol, Behavior and Aβ levels. A) Brain cholesterol was measured in extracts of the hippocampus as described in materials and methods and presented as micromol/g (mM). Consistent with previous studies, brain cholesterol levels are not altered despite the large increase in plasma cholesterol. Note: Total and free cholesterol measurements indicate that the levels of esterified cholesterol in the hippocampus are very small and remain unaltered with the diet. B) There was a significant correlation between WMI errors (Day 7-12, trial 4) and plasma cholesterol levels in the control group (r = 0.938; p < 0.0006). Thus, more WMI errors were found in rats with the highest cholesterol levels. The lines in the graph represent 95% confidence bands (for slope). C) No difference was found between the Sat-Fat group and animals fed a control diet in terms of Aβ40 or Aβ42 levels, as measured in cerebral cortex samples. Fig. 3A) , consistent with other studies indicating that cholesterol does not cross the blood brain barrier and is independently regulated in the brain [16] . At the end of the experiment, the Sat-Fat group exhibited elevated total serum cholesterol levels (Sat-Fat: 122 ± 6 mg/dL, controls: 47 ± 2 mg/dL, n = 9 per group; F = 160.236; p < 0.0001), as well as HDL (59 ± 4 vs. 36 ± 1 mg/dL; F = 29.2; p < 0.0001) and LDL (63 ± 6 vs. 11 ± 2 mg/dl; p < 0.0001) levels. In addition, triglyceride levels were significantly elevated (374 ± 32 vs. 181 ± 12.7 mg/dl; F = 31.06; p < 0.0001). The Sat-Fat diet also altered the calculated LDL:HDL ratio, from 0.31 in controls to 1.07 in the Sat-Fat group. Thus, 8 weeks on this diet more than tripled the LDL:HDL ratio (p < 0.001). Interestingly, there was a significant correlation (p < 0.0006) between total serum cholesterol levels and memory errors in the control group, but not the Sat-Fat group (Fig. 3B) , suggesting that serum cholesterol is related to memory performance in animals on a normal diet as well. The lack of correlation in the Sat-Fat group was most likely due to the saturation of effects of hypercholesterolemia in all Sat-Fat treated subjects resulting in a lack of variability.
Behavior
During treatment week 7 and 8, animals were tested in the water version of the radial arm maze (RAM) as previously described [8] . Errors were quantified for each daily session using Jarrad's [31] orthogonal measures of working and reference memory errors, and as done previously in studies using the water RAM [8, 29] . Seven animals in each treatment group were randomly selected to undergo behavioral testing. By assessing different types of errors in the maze, we analyzed reference memory (RM), working memory incorrect (WMI), and working memory correct (WMC) errors (see Methods above). We expressed the errors as mean errors either total per day (days 2-12) or analyzed by trial within each day and collapsed across the different days (trial 2-4, where 4 represents the highest memory load). We divided the days into two blocks (day 2-6 and day 7-12) based on the learning phase and the asymptotic phase of the task, as previously reported [27] . There were no significant differences between the groups in terms of the RM portion of the water RAM testing, either when data were analyzed as errors across all the testing days [1,14; F = 1.635; p = 0.218], or when data were analyzed for days 2-6 [1,14; F = 0.112; p = 0.7429] or days 7-12 [1,14; F = 2.049; p = 0.1743] separately. However, Sat-Fat animals made more WMC ( Fig. 2A) and WMI (Fig. 2C ) errors than animals fed the control diet. The Sat-Fat group performed more WMC errors (all trials within each day) during Day 7-12 of testing [1,14; F = 5.671; p < 0.032] and also specifically in trial 4 (the last trial) during days 7-12, when the task had the highest working memory demand [ Fig. 2B; 1,14 ; F = 11.07; p < 0.0050]. For WMI, errors across all days 2-12, there was a marginal difference between the groups, with the Sat-Fat group making more errors [1.14; F = 3.579; p < 0.0794]. There were no group differences for WMI for Day 2-6 [F = 0.648; p < 0.4344]. However, the Sat-Fat group made significantly more errors (collapsed across all trials within a day) during days 7-12 [1,14; F = 5.437; p < 0.0353; see Fig. 2C ]. Further analysis of the WMI data (Fig. 2D ) demonstrated that the Sat-Fat group made more errors on the trial with the highest working memory demand (trial 4, Fig. 2D ) compared to the control fed group [1,14; F = 4.564; p < 0.050], indicating that the saturated fat diet impaired the ability to handle an increased working memory load also in terms of WMI.
Aβ and NGF levels
Since Aβ40 and Aβ42 levels increase upon cholesterol treatment of cells in culture, and these changes are believed to play an important role in memory loss in AD, their levels were analyzed by specific sandwich ELISA assays using the cortex of the left hemisphere, as described previously [47, 49] . As shown in Fig. 3C , there were no differences in either cortical Aβ40 or Aβ42 levels between the Sat-Fat and the control group. ELISA analysis of hippocampal levels of NGF, a key neurotrophic factor altered upon aging and in AD, did not reveal differences between the two groups. NGF levels in the control group were 3.83 ± 0.19 ng/mg tissue in the control group (n = 10), and 3.89 ± 0.42 (n = 10) in the Sat-Fat group. Thus, it does not appear that hippocampal NGF levels were altered as a function of the Sat-Fat diet, at least not using the parameters examined here.
Immunohistochemistry
Immunohistochemistry for the dendritic marker Map2, the vascular marker laminin, and the microglial marker Iba1, was performed on every 12th hippocampal section from the right hemisphere. Map 2 is an integral protein which is used to evaluate dendritic integrity [24] , and labels microtubule associated protein 2. After 8 weeks on the Sat-Fat diet, the middle-aged rats had an observable reduction in Map 2 immunoreactivity in the CA1 region of the hippocampus, as evidenced in Fig. 4A and B. Densitometry measurements of Map 2 staining in this brain region revealed a marginal decrease in Map 2 density between the two groups (p < 0.08; n = 8 per group, see Fig. 5A ). Further, there was a significant correlation between CA1 Map 2 immun- odensity and WMC errors in the Sat-Fat group, such that lower staining density was correlated with more errors (Fig. 5B , r = − 0.904; p < 0.0008). The image analysis represented measurements from every 12th section of the CA1 as described in the Methods section. Map 2 staining density in the dentate was also significantly correlated to WMC d8-12 errors (r = −0.72, p < 0.04) in the Sat-Fat group but not the control group (data not shown). Immunohistochemical evaluation revealed altered morphology of hippocampal microglial cells in the Sat-Fat group compared to controls, evaluated with antibodies directed against the microglial marker Iba1 (Fig. 4C and D) . The Iba1 immunostaining demonstrated increased cell body size, associated with stubbier and shorter, thicker processes in microglial cells in Sat-Fat hippocampal sections (Fig. 4C  and D) . This morphology has been classified as activation of microglia in prior studies. Thus, microtubuleassociated proteins are reduced and microglial markers are elevated in the hippocampal formation of animals given a diet rich in saturated and hydrogenated fats for 8 weeks during middle age.
One possible mechanism by which these diets may exert their effects on memory performance is via altered perfusion or vascular function in the CNS. Therefore, we stained sections from each group with the vascular marker laminin. We did not detect observable alterations in laminin distribution between the two groups; Fig. 4E and F depict laminin immunohistochemistry in the hippocampal CA1 region from a control brain (4E) and a Sat-Fat brain (4F). Thus, more detailed vascular studies are needed to determine if other factors, such as perfusion rate or blood-brain barrier penetration, are altered by the Sat-Fat diet and therefore could lay grounds for altered memory performance in these animals.
DISCUSSION
The powerful influence of diet on brain function has been known for quite some time (for review, see [40, 48] ). However, the specific mechanism by which fatty acids influence brain function and morphology are less well defined. This is the first study, to our knowledge, correlating memory loss with brain morphology in animals on a Sat-Fat/cholesterol diet. The present study demonstrated that saturated and hydrogenated fatty acids supplemented in the form of hydrogenated coconut oil plus cholesterol in the diet (12%) gave rise to alterations in behavior and brain morphology of middle-aged male rats compared to rats fed a lowcholesterol diet with equal levels of unsaturated fat (soybean oil). Our findings demonstrated a significant increase in the number of working memory errors, reduced Map 2 staining and increased microglial markers in the hippocampal formation. Further, the Sat-Fat diet gave rise to increased total cholesterol, triglyceride and LDL serum levels. The LDL:HDL ratio was tripled in the group receiving the Sat-Fat diet, compared to the control group, which received soybean oil. The fact that the saturated fat diet also increased HDL somewhat may not be surprising, since there is a significant strain-dependent difference in rats in terms of HDL and LDL/VLDL response to high fat diets (see [17] ). It will be interesting in future studies to explore the lipoprotein and apolipoprotein parameters when the rats are consuming this diet, to examine, for example, if there will be alterations with aging in this response. Even though this was not the focus of the present study, it is possible that HDL in the strain utilized here (Fischer 344) has a lower cholesterol-carrying capacity.
The control group in the present study,receiving 12% of soybean oil in the diet, had significantly lower levels of serum cholesterol than the Sat-Fat group. Further, we found that serum cholesterol levels correlated with working memory errors in the control group. This further justifies the middle-aged rat as a suitable model for dietary studies and cognition, since serum cholesterol levels have also been found to correlate with memory measures in middle-aged and aged humans [21] . Further, other studies in humans have found that statins (cholesterol-lowering agents) can, at least moderately, reduce age-associated cognitive decline [4] , which further supports a relationship between cholesterol and memory loss in normal aging. The fact that we did not find alterations in terms of reference memory in the present study is interesting and warrants further investigation. These findings are in parallel with previous studies from our laboratory and others, both in terms of memory loss with normal aging, and induced by pathology in transgenic mice [8, 29] . The water RAM is more taxing when it comes to the working memory components rather than the reference memory, and it is possible that with prolonged exposure to the Sat-Fat diet, we would also see significant alterations in this module, similar to what we have previously observed in a mouse model for Down's syndrome [29] . However, the specific mechanisms for this effect of serum cholesterol levels on brain function are not yet fully understood. Nonetheless, the middle-aged rat appears to be an excellent model to examine these relationships, since the rat is sensitive to cholesterol-rich diets and appears to exhibit elevations in triglyceride and LDL:HDL levels on the Sat-Fat diet tested here.
One proposed mechanism for cholesterol-induced neuronal dysfunction is the increase in production and deposition of Aβ (both Aβ40 and Aβ42 [51, 54, 63] ). It was interesting to note in the present study that Aβ40 and Aβ42 levels were not altered by the Sat-Fat diet, and, further, did not correlate with any of the memory measures. These results differ from those obtained in the rabbit (e.g. [35] and a transgenic mouse model of AD [51] ), where high fat or high cholesterol diets give rise to elevated amyloid production and plaque formation. Of course, the rats used are not transgenic and therefore express Aβ with a different sequence, and do not deposit amyloid plaques. Moreover, the findings of increases in Aβ upon feeding on a high-cholesterol diet remain controversial, and several authors using various strains of transgenic mice have reported that changes may or may not be seen depending on the sex and strain of the animal model [28, 46] . However, we would like to note that while we do not observe large changes in Aβ with diet, the treatment interval is rather short and small incipient regionally localized changes in Aβ may be masked by the presence of large pools of the amyloid-β protein precursor (AβPP) and Aβ in the brain. This will be the focus of future studies, since most of the hippocampus was utilized for morphology in the present study. In addition, the fact that we did not see elevated amyloid levels does not preclude abnormal processing of APP or formation of Aβ oligomers as a cause of the decline in the middle-aged rat, as these parameters were not examined in detail. The strain of rat and other experimental parameters such as diet or physiological conditions may play an unclear role, as in contrast to these findings, other studies [34] have recently described AD-like amyloid deposits in rats fed a high-cholesterol diet. These investigators found that rats fed this diet exhibited increased hippocampal cholesterol biosynthesis and impaired long-term potentiation (LTP), and proposed that biological cholesterol homeostasis regulation may play a key role in the deficits observed in the animals fed a high cholesterol diet. They also found that cholesterol imbalance may cause hippocampal alteration of neural processes and the appearance of tau protein pathology in rats, substantiating our findings in this study where we found altered Map 2 distribution in the Sat-Fat group. Map 2 is a microtubule associated protein which has been shown to be decreased in animal models of AD (see [24] ) and is displaced in the hippocampal formation of patients with AD [22] . The distribution of this protein appears to have a bearing on integrity of hippocampal neurons, in particular the CA1-CA3 region. Interestingly, the Map 2 staining density correlated with memory errors in the present study, suggesting indeed that this hippocampal pathology is related to memory function. It is possible that the failure to observe changes in Aβ is due to the strain and/or sex of the animals used in this study, and possibly the time and extent of treatment. Nevertheless, failure to observe these changes indicates that Aβ accumulation may be a secondary change that occurs after inflammatory changes that influence the neuronal activity leading to behavior deficits. These findings are also consistent with the failure to see significant changes in NGF levels, which has been previously correlated with the extent of cognitive deficits in AD patients and aging rats (see [29, 35] ).
The Sat-Fat diet gave rise to altered microglial morphology in the hippocampal formation, as evidenced by Iba1 immunohistochemistry, in the present study. Other investigators have previously demonstrated that cholesterol and its break down products can activate microglial cells in the brain and in tissue culture experiments (e.g. [15, 55] ). In one study, investigators found that individuals with dementia combined with heart disease had elevated microglial activation in their brains, compared to those with only a dementia diagnosis, suggesting that the cholesterol levels recorded could directly be connected to the microglial activation [55] . Further, studies have shown that LDL and other scavenger receptor (SR) ligands can affect microglia's ability for amyloid peptide uptake, perhaps interfering with removal of amyloid in individuals with AD [45] . Even though a connection between high-fat diets and microglial activation has thus been shown, the continued pathological process towards memory loss and hippocampal neuropathology has not been established. Future studies will include more in-depth examination of microglial activation and other inflammatory cascades in the brain of Sat-Fat treated rats.
Another possible mechanism for the hippocampal pathology observed is an interaction between growth factor systems and the Sat-Fat diet. Other investigators have demonstrated that high-fat diets give rise to lower levels of brain-derived neurotrophic factor (BDNF) in the hippocampal formation [41] and in cerebral cortex [64] . BDNF is essential for learning and memory processes (e.g. [65] ), and has also been shown to have direct anti-inflammatory effects in the CNS (e.g. [32] ). Conversely, Tanaka and collaborators [57] found that lipopolysaccharide injection into the hippocampus reduced BDNF levels and led to memory impairment without actual neuronal loss in the hippocampus, further suggesting a direct connection between BDNF and inflammatory processes in this brain region. Interestingly, we did not find alterations in hippocampal NGF levels in the Sat-Fat treated rats. However, future studies will focus on BDNF levels since this growth factor is more important for normal hippocampal function and has been shown to be involved in hippocampaldependent learning as well as regulation of appetite and food intake [25] .
The question still remains how circulating cholesterol is able to affect brain function, since cholesterol does not pass the blood-brain barrier (e.g. [11] ). Consistently, the behavior changes observed are not accompanied by detectable changes in the levels of cholesterol in the hippocampus. However, we cannot rule out cholesterol-specific effects in the brain induced by dietary cholesterol. Some cholesterol is known to be transcytosed to the brain, which may lower endogenous synthesis or increase turnover to maintain homeostasis [14, 16] . This may result in reduced synthesis of isoprenoids, which are implicated in inflammation as well as amyloid production [67] . It is also possible that the distribution of cholesterol in the brain will change in response to high cholesterol diets although overall homeostasis is maintained, as exemplified by a report showing that cholesterol in neurons is increased in high fat diets [23] . Moreover, sidechain oxidized cholesterol metabolites such as 24S-hydroxycholesteroland 27-hydroxycholesterolare able to pass the blood-brain barrier [11] and a significant net uptake of 27-hydroxycholesterol by the brain from the circulation has been described. These investigators also found that patients with AD have increased brain levels of 27-hydroxycholesterol, which may affect the production of Aβ in the brain. The levels of 27-hydroxycholesterol in the circulation were correlated with the levels of cholesterol and others [11, 39] have proposed that the flux of 27-hydroxycholesterol into the brain could be the missing link between hypercholesterolemia and AD. As mentioned in the introduction, studies in transgenic mice demonstrated that mice on a high-fat diet were prone to atherosclerosis, which may provide one potential biological mechanism for cholesterol-induced cognitive impairment [36] . Based on these studies, we examined the distribution of blood vessels in the hippocampus of both groups, utilizing the basal membrane marker laminin. As can be seen in Fig. 4 , there were no obvious differences in the vascular tree between the two groups, although it cannot be excluded that microcirculation may be affected. Perfusion studies and more detailed vascular examination utilizing specific markers for blood-brain barrier integrity etc. would further elucidate the role of vascularization in the observed effects.
Recent data from human and animal studies demonstrate that it is not simply a high-fat diet that is damaging for the brain, but that the type of fatty acids that are ingested matters greatly (e.g. [27] ). For example, Baran and colleagues [3] found that a high-fat versus low-fat diet in itself did not render dendritic alterations in the hippocampal formation of rats, but when the high-fat diet was combined with stress they found significant atrophy of CA3 dendrites. In the present study, we tested isocaloric diets, with the same fatty acid content (12%), which consisted of either soybean oil (unsaturated fatty acids) or hydrogenated coconut oil (saturated and hydrogenated fatty acids). In continued studies, we will explore whether saturated or hydrogenated fatty acids are more damaging to memory and hippocampal integrity, since the hydrogenated coconut oil here contains both types of fatty acids. The degree of saturation of fatty acids and the position of the first double bond in essential fatty acids are definitely the critical factors determining the effect of dietary fats on the risk of AD, with unsaturated fats and n-3 double bonds conferring protection and an overabundance of saturated fats or n-6 double bonds increasing the risk (see [13] ). The hydrogenated fatty acids have received significant attention in recent years, due to the fact that these artificial oils significantly increase the LDL:HDL ratio, a feature associated with a strongly increased risk of both brain and cardiovascular system disease [43, 44] . However, there have been no systematic animal studies performed on these fatty acids to scientifically predict their long-term effects on the human brain. Meanwhile, the American Food and Drug Administration (FDA) has demanded full disclosure of fatty acid content in all foods as of January 2006 [19] , and the debate over hydrogenated oils ("trans-fats") will surely continue until more definite data are obtained.
In conclusion, the present study is the first to demonstrate significant effects of hydrogenated coconut oil on both memory function and hippocampal morphology in the middle-aged rat. Importantly, the serum levels of cholesterol correlated significantly to working memory errors, suggesting that the older rat may be a suitable model for examining diet-related effects of different fatty acids on memory. Further studies will be necessary to determine the biological mechanisms for these significant dietary effects on brain function, and perhaps help in clarifying the role of multiple pathways associated with changes in plasma cholesterol levels on cognition.
